The functions of epithelial tissues are dictated by the types, abundance and distribution of the differentiated cells they contain. Attempts to restore tissue function after damage require knowledge of how physiological tasks are distributed among cell types, and how cell states vary between homeostasis, injury-repair and disease. In the conducting airway, a heterogeneous basal cell population gives rise to specialized luminal cells that perform mucociliary clearance 1 . Here we perform single-cell profiling of human bronchial epithelial cells and mouse tracheal epithelial cells to obtain a comprehensive census of cell types in the conducting airway and their behaviour in homeostasis and regeneration. Our analysis reveals cell states that represent known and novel cell populations, delineates their heterogeneity and identifies distinct differentiation trajectories during homeostasis and tissue repair. Finally, we identified a novel, rare cell type that we call the 'pulmonary ionocyte' , which co-expresses FOXI1, multiple subunits of the vacuolar-type H + -ATPase (V-ATPase) and CFTR, the gene that is mutated in cystic fibrosis. Using immunofluorescence, modulation of signalling pathways and electrophysiology, we show that Notch signalling is necessary and FOXI1 expression is sufficient to drive the production of the pulmonary ionocyte, and that the pulmonary ionocyte is a major source of CFTR activity in the conducting airway epithelium.
The functions of epithelial tissues are dictated by the types, abundance and distribution of the differentiated cells they contain. Attempts to restore tissue function after damage require knowledge of how physiological tasks are distributed among cell types, and how cell states vary between homeostasis, injury-repair and disease. In the conducting airway, a heterogeneous basal cell population gives rise to specialized luminal cells that perform mucociliary clearance 1 .
Here we perform single-cell profiling of human bronchial epithelial cells and mouse tracheal epithelial cells to obtain a comprehensive census of cell types in the conducting airway and their behaviour in homeostasis and regeneration. Our analysis reveals cell states that represent known and novel cell populations, delineates their heterogeneity and identifies distinct differentiation trajectories during homeostasis and tissue repair. Finally, we identified a novel, rare cell type that we call the 'pulmonary ionocyte' , which co-expresses FOXI1, multiple subunits of the vacuolar-type H + -ATPase (V-ATPase) and CFTR, the gene that is mutated in cystic fibrosis. Using immunofluorescence, modulation of signalling pathways and electrophysiology, we show that Notch signalling is necessary and FOXI1 expression is sufficient to drive the production of the pulmonary ionocyte, and that the pulmonary ionocyte is a major source of CFTR activity in the conducting airway epithelium.
The conducting airway is lined with a pseudostratified epithelium consisting of basal, secretory and ciliated cells, as well as rare pulmonary neuroendocrine cells (PNECs) and brush cells 2 . Studies of lineage tracing and regeneration post-injury show that basal cells are a heterogeneous population that contains the epithelial stem cells 3, 4 . Basal cells differ in their expression of cytokeratins 14 and 8 (Krt14 and Krt8) and luminal cell fate determinants that are upregulated upon injury 2, 5 . To identify the full repertoire of basal cell molecular states, and to identify candidate gene expression programs that might bias basal cells to self-renew or to adopt differentiated fates, we performed single-cell RNA profiling on airway epithelial cells. We also sought to elucidate the molecular composition of rare PNECs and brush cells, which have fewer lineage markers and are more difficult to define functionally 6, 7 . Because our approach is unbiased and comprehensive, it could also identify new cell types with a role in mucociliary clearance.
We performed single-cell RNA sequencing analysis 8 (scRNA-seq) on 7,662 mouse tracheal epithelial cells and 2,970 primary human bronchial epithelial cells (HBECs) differentiated at an air-liquid interface (ALI) 9 (Fig. 1a, b ). As there are well-documented differences between mouse and human airways 10 , using these two systems enables comparative analyses and prioritization of common findings between mouse and human. This also provided in vivo validation of findings in the culture model, which lacks non-epithelial cells and uses defined culture conditions. A similar analysis of mouse tracheal epithelial cells in the accompanying Article 11 corroborates many of our findings.
We visualized the single-cell data using a graph-based algorithm (SPRING 12 ) that conserves neighbouring relationships of gene expression, facilitating analysis of differentiation trajectories. The resulting graphs revealed a non-uniform continuum structure spanning basal-to-luminal differentiation, with rare gene expression states representing satellite clusters (see 'Data availability' in Methods). Using spectral clustering, we partitioned cells into populations with specific, reproducible gene expression signatures ( Fig. 1c, d) . On the basis of enrichment of previously annotated markers (Supplementary Tables 1, 2), we identified clusters in mouse ( Fig. 1c ) and human ( Fig. 1d ) that represented known cell types 2, 7 : basal, secretory, ciliated, brush and PNECs. We performed pairwise correlation analysis as a measure of relatedness between clusters, and curated a list of transcription factors, surface molecules and kinases expressed in each cluster (Extended Data Fig. 1, Supplementary Tables 1-3 ). Our analysis confirmed previous findings 5, [13] [14] [15] that basal and secretory populations are heterogeneous, and uncovered additional molecular heterogeneity (Extended Data Figs. 2, 3) . Basal cells formed a continuum of states defined by gene modules associated with a basal-to-luminal gene expression axis (Krt5 versus Krt8) as well as by variable expression of genes associated with basement membrane deposition and remodelling. In both mouse and human, Col17a1/COL17A1 (gene homologues are written as mouse/human throughout) and IGFBP family members (Igfbp3/IGFBP6) correlated with the basal cell sub-population marker Krt14, whereas in mouse an independent Krt14 − module associated with the basal cell adhesion molecule Bcam and with Dcn-which encodes decorin, a regulator of collagen fibrillogenesis. Among secretory cells, many differences were associated with different levels of maturity, with the least-mature cells expressing basal cell transcripts (for example, Krt5/KRT5 and Trp63/TP63), and the most-mature cells expressing Muc5b/MUC5B. Secretory cells also differed in other ways. In human, one cluster associated with antigen presentation (human leukocyte antigen (HLA) gene family members). In mouse, the secretory cells appeared to associate with two distinct trajectories from the basal layer: those expressing Krt4, and those emerging from a Krt4 low state marked by Trp63, Bcam and Dcn. Heterogeneity of both basal and secretory cells was also associated with tens of other genes with diverse functions, including signalling molecules (for example, Wnt10a) and early specifiers of mature lineages (for example, Foxj1) (Extended Data Figs. 2, 3 ).
Our analysis also revealed gene signatures of epithelial cell states that have not previously been described. First, the paired cytokeratins 4 and 13 (Krt4/Krt13) defined a unique cluster in the mouse dataset located between basal and secretory, suggesting that this may be a transitional cell state ( Fig. 1c , Supplementary Table 1 ). Immunofluorescence of Krt4 in mouse tracheal epithelium demonstrated that it was co-enriched in subsets of Krt5 + basal cells, Krt8 + luminal cells and Scgb1a1 + club (secretory) cells, but not in Foxj1 + ciliated cells (Extended Data Fig. 4a ). This pattern is reminiscent of the proposed model for basal luminal precursors (BLPs), a subset of non-transit amplifying basal cells with upregulated luminal markers 14 . In addition, KRT4/KRT13 expression Letter reSeArCH was closely correlated and defined a major axis of heterogeneity in basal and differentiating HBECs (Extended Data Fig. 3b ).
Second, in the human single-cell map, we identified a FOXN4 + cluster that was highly enriched for the ciliated cell specification factor FOXJ1 but low for markers of maturation, including the ciliary component TUBB4B (Fig. 1d , Supplementary Table 2 ). Foxn4 is known to drive robust transcription of ciliated genes during multiciliated cell differentiation in Xenopus 16 , suggesting that this cluster represents a state of multiciliated cell differentiation. We confirmed the existence of this cluster by immunofluorescence, showing that FOXN4 was indeed enriched in a subset of FOXJ1 high cells but not in cells containing mature cilia (Extended Data Fig. 4b ). Third, in the human data we identified a novel cluster that was enriched for SLC16A7 ( Fig. 1d , Supplementary  Table 2 ), which encodes the monocarboxylate transporter 2 (MCT2) that is involved in acidification of cystic fibrosis HBEC cultures 17 , as well as AIRE, the gene that drives negative selection of self-reactive T cells in thymic epithelium 18 . This cluster contained the largest number of highly specific genes in the dataset, with a greater percentage of mitochondrial genes. This cluster may reflect cellular stress 19 or may represent a unique antigen-presenting airway epithelial cell.
Finally, a single cluster identified in both mouse and human was enriched for ion transporters and the transcription factors Foxi1, Ascl3 and Tfcp2l1 (Fig. 1c, d , Supplementary Tables 1, 2 ). This cluster expressed subunits of the V-ATPase proton pump, which are also expressed in Foxi1-expressing ionocytes in the mucociliary epithelium of Xenopus larval skin, intercalated cells of the mammalian kidney and in forkhead-related (FORE) cells of the inner ear 20,21 . This cluster was highly enriched for Cftr, the gene that encodes a critical chloride channel that is mutated in cystic fibrosis, as well as for genes encoding multiple CLC chloride channels (for example, NKCC1, ClC-Kb), the calcium-activated potassium channel KCNMA1 and members of the Slc9 family of Na + /H + exchangers (Nhe4 in mouse and NHE7 in human). We named these cells pulmonary ionocytes.
To further identify cell states in the conducting airway that may emerge or expand following injury, we performed scRNA-seq and immunofluorescence on regenerating tracheas at 1, 2, 3 and 7 days after polidocanol-induced injury ( Fig. 2a ). We visualized transcriptomes of these cells using a SPRING graph, expanded to 14,163 cells to reveal detailed changes in epithelial cell states during repair (Fig. 2b ). This identified two states specific to injury response (Extended Data Fig. 5a , Methods). The first state appeared at 1 day(s) post-injury (dpi) ( Fig. 2b (light grey) , c), corresponding to Krt5 + basal cells in cycle and co-expressing additional cytokeratins including Krt14, Krt8 and Krt4/ Krt13, which were largely non-overlapping in homeostasis (Fig. 2d ). The second injury-specific state, which appeared at 2 and 3 dpi, included cells transiting directly from basal to ciliated ( Fig. 2b (dark grey), c) rather than differentiating through a secretory progenitor ( Fig. 1c ). We detected 1,237 genes that varied in expression during multiciliated cell differentiation, including the specification factors Foxj1, Myb and Mcidas 22 (Extended Data Fig. 6 , Supplementary  Table 4 ). Early secretory cell states also reappeared at 2 and 3 dpi. By 7 dpi, the relative abundance of cell populations, including rare Our data open up a range of possible avenues for future research, from the importance of the gene modules defining basal and secretory cell heterogeneity, to the catalogue of potential regulators and components for rare PNECs and brush cells, premature ciliated cells, Krt4/Krt13 + cells and pulmonary ionocytes. In this study, we focus on the localization, specification and function of the newly identified pulmonary ionocyte.
We first validated the presence of the pulmonary ionocyte population by immunofluorescence. FOXI1 labelled 1-2% of HBECs and, as predicted, was distinct from basal cells (labelled by TP63), secretory cells (MUC5B), ciliated cells (FOXJ1) or neuroendocrine cells (ASCL1) ( Fig. 3a ). Immunostaining demonstrated apical enrichment of the V-ATPase in FOXI1 + HBECs, similar to what has been shown for other Foxi1 + epithelial lineages 20, 21, 23 , as well as nerve growth factor receptor (NGFR, Extended Data Fig. 4c ), confirming the marker gene enrichment identified by scRNA-seq (Extended Data Fig. 1b ). Also as predicted, CFTR mRNA was highly enriched in FOXI1-expressing cells in mouse trachea and primary human bronchial tissue ( Fig. 3b ), compared to the low expression throughout the epithelium (Extended Data Fig. 7d, e ). FOXI1 + cells were more concentrated in bronchial gland ducts than in the surface epithelium (Extended Data Fig. 7d ), a pattern similar to previously described rare, CFTR high cells 24 .
In other proton-secreting cells, Foxi1 specifies the lineage and regulates expression of V-ATPase subunits 20, 21 ; therefore, we next asked whether FOXI1 was sufficient to specify pulmonary ionocytes in HBEC cultures. We performed scRNA-seq of cells transduced with lentivirus expressing GFP:FOXI1 (n = 10,330) or GFP alone (n = 9,436) and mapped the data onto the reference HBEC state map ( Fig. 3c , e, Extended Data Fig. 8a-e ). Cultures transduced with GFP:FOXI1 had significantly higher numbers of cells classified as ionocytes (23-fold increase, P < 10 −50 by Fisher's exact test, Fig. 3e , f), with slight reductions in basal and ciliated cells. The resulting ionocytes expressed high levels of exogenous GFP:FOXI1 (Fig. 3g , Extended Data Fig. 8f ), and exhibited the same transcriptional program as unperturbed ionocytes. Moreover, they did not express markers of other cell types ( Fig. 3g ). Immunostaining (Fig. 3d ), quantitative PCR with reverse transcription (RT-qPCR) profiling of marker genes, and RNA in situ hybridization performed on transduced cultures (Extended Data Fig. 7a -c) confirmed these results, indicating that FOXI1 is sufficient to specify CFTR-rich pulmonary ionocytes. FOXI1 overexpression also led to the appearance of a novel non-ionocyte cell state, possibly resulting from off-target FOXI1 transcriptional activity (Extended Data Fig. 8c -e, Supplementary Table 3 ).
In Xenopus epidermis, ionocytes differentiate from an inner layer of basal cells, and their specification is regulated by Notch signalling 21, 23 , a pathway that is important in airway basal cell fate [25] [26] [27] . The specification of pulmonary ionocytes shows clear similarities. Foxi1 + cells first reappeared in the basal cell pool following injury depletion (Extended Data Fig. 5c ), and Foxi1 co-localization with the basal cell marker Krt5 transiently increased after injury (46.3% of Foxi1 + cells at 3 dpi compared to 15.4% at steady state; Fig. 4a ). This suggests that Foxi1 + cells have a direct basal cell origin, consistent with steady-state lineage tracing studies 11 . Notch target genes are also expressed in pulmonary ionocytes (Extended Data Fig. 9 ). Treating HBEC cultures with the γ-secretase inhibitor DAPT decreased Notch target gene expression and increased ciliated cell specification, consistent with previous studies in which Notch signalling was modulated in mouse and human airway 
Letter reSeArCH cultures 28 (Extended Data Fig. 10a ). DAPT treatment also significantly decreased the number of ionocytes (Fig. 4b ). Treating HBEC cultures with antibodies against individual Notch receptors also reduced ionocyte numbers (Extended Data Fig. 10b ).
We next investigated the functional importance of the high level of CFTR expression in pulmonary ionocytes. Ciliated cells have been hypothesized to be the major source of CFTR in the proximal airway 29 , but we found little to no CFTR expression in FOXJ1 + ciliated cells (Supplementary Table 2 , Extended Data Fig. 7e ). To examine CFTR activity in the proximal airway epithelium, we recorded CFTRmediated ion transport in HBEC cultures using Ussing chambers 30 (Fig. 4c ). DAPT-treated cultures, which reduce the number of ionocytes and increase the number of ciliated cells, had significantly lower CFTR activity in response to forskolin (measured as short-circuit current, I sc ; Fig. 4d ). We also used natural variation between donors to assess the sensitivity of CFTR activity to changes in ionocyte numbers versus changes in ciliated cell numbers. Ussing experiments and cell-type quantification in cultures derived from seven different donors showed that CFTR activity was positively correlated with ionocyte number (Pearson's R = 0.83, P = 0.02) and not correlated with ciliated cell number (R = 0.44, P = 0.32), with ionocytes explaining 60% of the mean channel current compared to just 4% for ciliated cells (after multivariate regression) ( Fig. 4e ). These data suggest that ionocytes are a major source of CFTR activity in airway epithelium despite representing only 1-2% of epithelial cells.
In this study, we applied large-scale single-cell profiling to conduct an unbiased investigation of the composition of the proximal airway epithelium during homeostasis and regeneration. In doing so, we unexpectedly identified the pulmonary ionocyte, a rare cell type that appears to be a major, possibly dominant, source of CFTR activity in airway epithelium. This cell type shows co-enrichment of the proton-secreting V-ATPase and the anion-secreting CFTR channel, suggesting a role in luminal pH regulation that could be relevant for the pathology of cystic fibrosis 31 . The role of these CFTR-rich cells in airway physiology and disease remains to be elucidated, but it is likely that their identification will better inform future therapeutics for cystic fibrosis. Finally, our study provides a comprehensive atlas of genes and pathways with potential roles in promoting differentiation and repair, delineates the cell types, transcriptional profiles and trajectories present in the proximal airway in both homeostatic and regenerating tissues, and offers a baseline for future profiling of disease states.
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MEthodS HBEC culture and Notch inhibition. Primary human bronchial epithelial cells (HBECs) from normal donors aged 3-42 were obtained from Lonza (CC-2540; Lot 221175, 323353, 429581, 105104, 621713, 312626 and 441099) and were expanded twice with growth medium (500 ml BEGM medium (Lonza, CC-3171), 1 SingleQuots kit (Lonza, CC-4175)) in T75 flasks. After expansion, HBECs were seeded on 12-well Transwell plates (Corning, 3460) at a density of 83,000 cells per Transwell. The cells were cultured in differentiation medium (250 ml BEGM medium, 250 ml DMEM medium (Thermo Fisher, 11965092), 1 SingleQuots kit) on both apical and basal sides of Transwells for the first 7 days. Then, medium was removed from apical side, and cells were cultured for another two weeks at an ALI condition. Cells were used for analysis after culture at ALI for 14 days and no more than 28 days.
Notch signalling was inhibited by adding 3.3 μM DAPT or DMSO to differentiation medium when HBECs were cultured at ALI. Notch antibodies against receptors NOTCH1, NOTCH2 and NOTCH3 and control IgG antibody were described previously 27, [32] [33] [34] and were added at a concentration of 10 μg/ml to HBECs upon culture at ALI. Single-cell dissociation. HBECs were collected after 15 days of ALI culture using 0.05% trypsin-EDTA (Thermo Fisher, 25300054). Cells were then pelleted at 300g for 5 min, resuspended in PBS and filtered through a 20-μm strainer (PluriSelect, 43-50020-03). Cells were counted on a haemocytometer and Optiprep (Sigma-Aldrich, D1556) was added to achieve a final concentration of 15% and 75,000 cells/ml. C57/BL6 male and female mice from the Jackson Laboratory aged 6-8 weeks were used for all studies. Animals were handled in accordance with Novartis Institutes for Biomedical Research Animal Care and Use Committee protocols and regulations. Mice were housed in a temperature-and humidity-controlled animal facility with ad libitum access to food and water and acclimated for at least 3 days before experimental manipulation. For single-cell isolation for scRNA-seq, tracheas were dissected and opened longitudinally in Ham's F12 (Life Technologies, 11765-054) plus 1% penicillin-streptomycin on ice. Each trachea was individually placed in a 15-ml conical tube with 5 ml 1.5 mg/ml Pronase (Roche, 10165921001) in Ham's F12 plus 1% penicillin-streptomycin and incubated for 18 h at 4 °C. Five hundred microlitres FBS was added to inactivate pronase and conical tubes were vigorously inverted to dislodge cells. Each trachea was transferred twice to a 15-ml conical tube containing Ham's F12 plus 1% penicillin-streptomycin plus 10% FBS and then inverted. Medium from each of the three tubes was pooled and cells were pelleted at 400g for 10 min at 4 °C. Cells were resuspended in 500 μl DNase solution (0.5 mg/ml DNase (Sigma-Aldrich, DN25), 10 mg/ml BSA in Ham's F12 + 1% penicillin-streptomycin), incubated on ice for 5 min and then pelleted at 400g for 10 min at 4 °C. Cells were then washed twice in Ham's F12 1% penicillin-streptomycin 10% FBS and then resuspended in PBS + 0.02% BSA. Cells were diluted to 90,000 cells/ml in 15% Optiprep + 0.02% BSA in PBS for scRNA-seq. Single-cell transcriptome barcoding in drops and library preparation for Illumina sequencing. For scRNaseq, we used inDrops 8 following the protocol previously described 35 with the modifications summarized in Supplementary  Table 5 . In brief, dissociated single cells were co-encapsulated into 3-4-nl droplets together with hydrogel beads carrying barcoding reverse transcription primers. Following a reverse transcription in droplets, the emulsion was broken and the bulk material was taken through the following steps: (i) second strand synthesis; (ii) linear amplification by in vitro transcription (IVT); (iii) amplified RNA fragmentation; (iv) reverse transcription; (v) PCR. A subset of the GFP:FOXI1 libraries were processed using small variations on the published protocol, including a different reverse transcriptase and exclusion of HinfI digestion. The resulting libraries were sequenced either on a HiSeq or Nextseq Illumina platform in paired-end mode to a length of 2 × 100 or 2 × 76 base pairs (see Supplementary Table 5 ). Images from the instrument were processed using the manufacturer's software to generate FASTQ sequence files. Read quality was assessed by running FASTQC (v.0.10.1). Obtaining transgene counts in cells transduced with lentivirus. The single cell RNA-seq method we used allows the detection of transcript sequences up to ~1 kb upstream of the polyA tail. Both GFP and GFP:FOXI1 transcripts share the same 1.3-kb-long sequence upstream of the transcription termination and polyadenylation site within the lentiviral 3′ long terminal repeat (LTR). This 1.3-kb sequence, which is part of the plenti6/V5-DEST.NGFP Gateway scaffold, was added to the reference transcriptome to identify transgene counts. Notably, 'transgene' refers to either GFP:FOXI1 or GFP, depending on the dataset. In Fig. 3g , the transgene was added manually to the heat map (top), as was FOXJ1 (bottom heat map), a canonical marker of multiciliated cells that fails to appear as a unique marker gene because of its expression in the FOXN4 + cluster. Single-cell RNA-seq data analysis. Processing of sequencing reads. To generate percell gene expression counts from raw sequencing reads, we used an updated and publicly available version (https://github.com/indrops) of the custom sequencing data-processing pipeline described 8 . Parameters used with the indrop.py pipeline are specified in .yaml files provided as Supplementary Files 1 and 2. In brief, raw reads (FASTQ) were filtered for sequencing quality and expected structure, sorted based on barcodes sequences (reads derived from the transcriptome of the same cell carry the same barcode), and aligned to either mm10 or hg19 cDNA reference with separately added mitochondrial cDNA sequences. To quantify gene expression while correcting for amplification biases, we made use of unique molecular identifiers (UMIs) introduced during reverse transcription in drops. The output of low-level processing is a genes × cells expression matrix. Single-cell data cleanup and normalization. To ensure high-quality data for further analysis, we filtered out cells with few counts and a high mitochondrial gene fraction. Thresholds were selected by visually inspecting histograms of counts per cell and mitochondrial fraction per cell for each biological sample separately. With human samples, a mitochondrial fraction threshold of 25% and total count thresholds of 1,500, 1,500 and 2,000 were used for donors 1, 2 and 3, respectively. The same thresholds as for donor 1 were used in the GFP/GFP:FOXI1 overexpression experiment. For mouse, a mitochondrial fraction threshold of 20% and total count thresholds of 1,500 were used for all datasets. Initial visualization and clustering (see below) revealed that a small fraction of mouse cells (<4%) formed well-separated clusters characterized by a strong immune gene signature. These cells were excluded from further analysis. For uninjured mouse data, we applied an additional clean up step to remove cell doublets, which can occur rarely owing to incomplete cell dissociation or owing to two cells occasionally entering the same microfluidic barcoding droplet. In brief, a decoy training set of simulated doublets is generated by randomly combining single-cell transcriptomes from the dataset. This decoy training set is used to train a k-nearest neighbour classifier. Cell transcriptomes classified as in silico doublets were excluded from further analysis. The detailed method will be published elsewhere. Data was then normalized by the total counts per cell, as described 8 , with the following modification: to calculate the normalization factor (total counts per cell) we excluded any gene with expression level >5% of total counts in at least one cell. Data visualization using SPRING and clustering. To visualize the high-dimensional gene expression data, we applied SPRING 12 , a method for building a k-nearest neighbours (kNN) graph of cells and representing it in 2D using a force-directed layout. Clusters were identified by applying spectral clustering on the same adjacency matrix as used for SPRING (implementation in python, sklearn.cluster. SpectralClustering(affinity = 'precomputed' , assign_labels = ' discretize')). Clusters were assigned labels (for example, secretory, basal) based on marker gene expression. In the SPRING plot of human data (Fig. 1) , clusters representing intermediate states with no unique gene expression are shown in grey. Cell population-specific gene identification (Fig. 1) . To be considered as specific to population i, a gene had to satisfy the following criteria: (a) be expressed at significantly higher level in population i compared to all other cells as determined by a two-sided permutation test using the difference in sample means as the test statistic (false discovery rate (FDR) <5%). To be considered for statistical testing, a gene had to be detected in a least 1% of cells on either side of the comparison. (b) Average expression >50 transcripts per million (TPM) in population i. (c) Average expression in population i at least 1.5-fold higher than in any other population (that is, maximum-to-second-maximum ratio >1.5). A pseudo value of 10 TPM was added before division. (d) Be maximum in population i for 4/4 (mouse) or 2/3 (human) of the biological replicates. Figure 1c , d shows the expression level of the top 50 such hits ordered by decreasing maximum-to-second-maximum ratio. For each gene, 100% was set at the maximum expression per cluster (average of all replicates). The colour was saturated at 20% (low) and 100% (high). Detailed gene lists are provided as Supplementary Tables 1-3 .
For Extended Data Fig. 1 , transcription factor lists were obtained from animalt-fDB 36 , and GO terms GO:0016301 and GO:0009986, including any descendent terms, were used for kinases and surface molecules, respectively.
Identification of correlated gene modules within basal and secretory cells.
To characterize the heterogeneity within basal and secretory cells, we identified modules of correlated genes. For mouse, we performed the following steps (see also Extended Data Figs. 2, 3) : (a) select basal cells (same procedure for secretory); (b) identify 3,000-5,000 most variable genes; (c) calculate gene-gene rank correlation; (d) retain genes that have r > 0.2 with at least 4 other genes-in mouse, Krt14 did not meet this criterion, and was therefore was included manually.
Heat map rows and columns (Extended Data Figs. 2, 3) were hierarchically clustered (distance defined as 1−r Spearman , Ward linkage). For human data, we first considered the basal, secretory and intermediate-state cells collectively to identify two main modules of anti-correlated genes (Extended Data Fig. 3) . From there, we selected genes specific to basal and recalculated gene-gene correlation but within basal cells only. The same was performed with secretory cells.
Smoothing (data imputation). Smoothing was carried out in Fig. 2c, d, and Extended Data Figs. 5a, 8c, 9 . All data shown in other figures is not subject to smoothing/imputation. Data smoothing, or equivalently imputation, was carried out using a graph diffusion approach on the k-nearest neighbour graph G defined above by SPRING. G is an unweighted undirected graph. The smoothing operation replaces a scalar quantity x i on node i of the graph, for example, raw expression level of a gene, with a smoothed value
and L is the random walk graph Laplacian of G. The smoothing operator accepts a single parameter, β, which determines the kernel size, that is, the extent of smoothing. This parameter is equivalent in physical terms to diffusion time: longer times lead to broader diffusion. For all plots shown, we used β = 1. Analysis of cell density changes relative to uninjured. To visualize which cell populations are enriched at a given time point relative to uninjured (Fig. 2) the following was performed for every time point t of mouse recovery data: (a) get every cell from t to vote for its 10 nearest neighbours among all mouse cells and count votes. Smoothed vote counts are a proxy for the density of cells from time point t on the graph (see also the two left-most plots of Extended Data Fig. 5a ). (c) Normalize the total vote count to 1. (d) Divide the density at time point t by the density of cells in uninjured. Identification of recovery-specific cell populations. The procedure is summarized in Extended Data Fig. 5a . To identify recovery-specific cell populations in the SPRING plot combining all mouse data (populations in grey in Fig. 2b) , we first performed steps (a) and (b) described in the previous paragraph to determine the density of injured cells on the graph. Next, a threshold of 25 smoothed counts was selected by visual inspection of the distribution of votes, and cells receiving fewer than 25 votes were considered depleted in uninjured (that is, recovery-specific). Recovery-specific cells were split into two clusters by spectral clustering, and labels were assigned based on characteristic gene expression. Cells from the mouse recovery time course experiment that were not recovery-specific inherited the label of their single nearest neighbour in uninjured mouse data (Euclidean distance in principal component space of most variable genes). Analysis of recovery-specific trajectory from basal to ciliated. The procedure is also summarized in Extended Data Fig. 6 . Six hundred and nine recovery-specific cells from 24-72 h post-injury, and forming a continuum between basal and ciliated cells, were manually selected on the SPRING plot and used for population balance analysis (PBA), a method developed in our laboratory for describing differentiation trajectories 37 . For this analysis, 'source' and 'sink' cell populations were defined as the basal and multiciliated tips of the cell kNN graph, respectively. Cells were then ordered on the graph by the diffusion 'potential' parameter of PBA (a measure pseudotime of progression from source to sink). To smooth the gene expression of individual cells, a moving average with window size of 100 cells was calculated.
Identification of differentially expressed genes along the basal-to-ciliated trajectory.
Temporally varying genes were identified using a previous method 38 with minor changes. Before statistical testing, the following filters were applied on the full gene list considering only the 609 cells forming the basal-to-ciliated trajectory: (a) expression level: at least 3 normalized counts in at least 3 cells; (b) variable: Fano factor >1.
Notably, none of these filters considers the cell ordering. For each gene i of the surviving 4,561 genes, a statistic t was calculated:
, max , min , in which m i is a vector with the expression level of gene i in the 510 average cells after application of a moving average over cells ordered using PBA. The procedure was repeated on shuffled cells for multiple permutations, each time resulting in a t i,random value. The one-sided P value for gene i was defined as the fraction of times ≥ t t i i ,observed , random . To account for multiple hypothesis testing, the false discovery rate was controlled at 5% using the Benjamini-Hochberg procedure. For each of the 4,561 genes used in the permutation test, we also calculated the maximum fold change defined as:
. One thousand two hundred and thirty-seven genes with FC max ≥ 2 and FDR≤ 5% were considered differentially expressed along the basal-to-ciliated trajectory. Polidocanol-induced injury. Polidocanol-induced injury was performed as previously described 39 . In brief, mice were anaesthetized and delivered one dose of 13.5 μl 2% polidocanol or PBS vehicle control by oral-pharyngeal aspiration to induce injury. Tracheae were collected at 1, 2, 3 and 7 days following injury for scRNA-seq or for fixation and immunofluorescence. Immunofluorescence, microscopy and cell counting. For RNAscope and immunofluorescence of paraffin-embedded sections, mouse tracheae were dissected under sterile conditions and HBEC Transwell cultures were isolated using 8-mm biopsy punch (Integra Miltex, [33] [34] [35] [36] [37] . Primary human bronchial tissue was obtained through the International Institute for the Advancement of Medicine. All tissues were immediately fixed in 10% normal buffered formalin for 18-24 h at room temperature then transferred to PBS and kept at 4 °C until paraffin embedding.
For immunofluorescence of mouse tracheae, 5-μm sections were baked and deparaffinized using standard procedures. After antigen retrieval using pH6 citrate buffer (Abcam), sections were rinsed in PBS and blocked in 10% normal goat serum (NGS) or 10% normal donkey serum (NDS) for 30 min at room temperature. Primary antibody was added overnight at 4 °C. Sections were washed 3× in PBS for 5 min each, and secondary antibody was added for 1 h at room temperature and sections were again rinsed in PBS, followed by Hoechst (1:1,000) for 30 s. For RNAscope, 5-μm sections were prepared according to RNAscope procedures for multiplex fluorescent assay (Advanced Cell Diagnostics, 320850) or dual chromogenic assay (322430). RNAscope probes used were FOXI1 (476351, 483021), CFTR (603291, 483011), and FOXJ1 (430921). Mounting medium and coverslip were applied and slides were stored at 4 °C for immunofluorescence or room temperature for chromogenic in situ hybridization. For immunofluorescence of whole-mount HBEC Transwell cultures, cells were fixed in 4% paraformaldehyde for 30 min RT, washed 3× 10 min in IF buffer (130 mM NaCl, 7 mM Na 2 HPO 4 , 3.5 mM NaH 2 PO 4 , 7.7 mM NaN 3 , 0.1% bovine serum albumin, 0.2% Triton X-100, and 0.05% Tween-20), blocked in 10% NGS IF buffer, stained in primary antibody diluted in 10% NGS IF buffer overnight at 4 °C, washed 3× 20 min in IF buffer, counterstained in secondary antibody diluted in 10% NGS IF buffer plus 1:5,000 Hoechst for 1 h at room temperature, washed 3× 20 min in immunofluorescence buffer, and washed 2× in PBS before mounting. The following antibodies were used: rabbit anti- Fluorescent images were collected on a confocal microscope (Axiovert 200; Carl Zeiss), with a 40× objective (Zeiss, Plan-Apochromat 40×/1.3 Ph3 M27), a Yokogawa CSU-X1 spinning disc head, and an electron-multiplying charge-coupled device camera (Evolve 512; Photometrics). Scale bars were added, and images were processed using Zen Blue software (Zeiss) and Photoshop (Adobe). FOXI1 + and FOXJ1 + cells were counted using ImageJ software. Chromogenic signals were acquired using a Nuance FX multispectral imaging system (Perkin Elmer) with an Olympus BX61 microscope interfaced with a liquid crystal based camera and tunable filter from 420 nm to 720 nm at 20-nm intervals. Spectral components were unmixed and pseudo-coloured for individual channels. Lentivirus production. For overexpression, FOXI1 (GeneID 2299) was cloned into the plenti6/V5-DEST.NGFP Gateway vector, which was generated by transferring the N-EmGFP ORF from pcDNA6.2/N-EmGFP-DEST (Thermo Fisher, Cat# V35620) into pLenti6/V5-DEST (Thermo Fisher, V49610). Lentiviral packaging 4 × 10 6 293T cells were seeded in a 100-mm poly-d-lysine-coated dish (Corning BioCoat, 356469) one day before transfection with 14 ml of cell growth medium (DMEM (Thermo Fisher, Cat# 11965092), 10% FBS (Clontech 631106), 2mM l-glutamine (Invitrogen 25030), 0.1mM MEM Non Essential Amino Acids (Invitrogen 11140), and 1mM sodium pyruvate MEM (Invitrogen 11360)). For transfection, 7 μg of packaging plasmid DNA (ViraPower lentiviral Packaging Mix, Thermo Fisher K497500) was mixed with 5 μg of expression construct DNA and 36 μl Fugene6 (Promega, E2691). OptiMEM (Thermo Fisher, 31985062) was then added the mixture to a total volume of 800 μl. 293T cells were incubated with the transfection reagent mixture for 24 h before the growth medium was refreshed. At 72 h after transfection, virus was collected, and frozen for future experiments. Packaged virus was added to HBEC cultures 1 h after cell seeding and then removed at feeding the following day. Flow cytometry and cell sorting. Cells were collected using 0.05% Trypsin-EDTA (Thermo Fisher, 25300054), pelleted at 300g for 5 min, suspended in 2% FBS DMEM with EDTA and filtered through a 40-μm strainer before being analysed by flow cytometry or cell sorting. RNA was extracted with Trizol (Invitrogen, 15596026) or RNeasy Mini Kit (Qiagen, 74106). cDNA was synthesized from 1 μg of RNA with qScript XLT cDNA Super Mix kit (Quanta Biosciences, 95161-100). Quantitative PCR (qPCR) was carried out using FastStart Universal Probe Master kit (Roche, 04914058001) with 40 ng of cDNA per reaction. Taqman probe sequences used for qPCR (Applied Biosystems) were: FOXI1, Hs00201827_m1; FOXJ1, Hs00230964_m1; P63, Hs00978340_m1; GAPDH, Hs99999905_m1; CFTR, Hs00357011_m1; ATP6V1B1, Hs00266092_m1; ITGA6, Hs01041011_m1; DNAI2, Hs01001544_m1; SCGB1A1, Hs00171092; MUC5B, Hs00861588_m1; NRARP, Hs01104102_s1; HES5, Hs01387464_g1; HES1, Hs00172878_m1; MUC5AC, Hs01365601_m1. Short-circuit current (I sc ) measurements in Ussing Chambers. For Ussing studies, HBECs were cultured in 6-well Snapwell plates (Corning, 3801) at a seeding density Letter reSeArCH of 83,000 cells per well. Snapwell inserts containing differentiated HBECs were then mounted in chambers bathed in Buffer (Kreb's Ringer solution; 400 ml H 2 O, 25 ml 2.4M NaCl, 25 ml 0.5M NaHCO 3 , 25 ml 66.6 mM KH 2 PO 4 + 16.6 mM K 2 HPO 4 , 25 ml 24 mM CaCl 2 + 24 mM MgCl 2 , 0.9 g dextrose). Amiloride (Sigma, A9561) was added apically at 10 μM to inhibit Na + absorption, then forskolin (Sigma, F6886) was added apically at 20 μM to stimulate cAMP and finally, CFTR-172 (Sigma-Aldrich, C2992) inhibitor was added apically and basally at 30 μM. Under these conditions, cAMP-stimulated I sc due to addition of forskolin could be attributed to CFTR-mediated Cl − secretion from basolateral to apical solution. Statistical analysis. No statistical methods were used to predetermine sample size. The experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment.
The standard error of the mean was calculated from the mean of at least three independent HBEC cultures. The Student's t-test (unpaired, two-tailed) was used to compare data between groups, with a P value of less than 0.05 considered significant.
Pearson correlation and its associated P value between ΔI sc and FOXI1 + or FOXJ1 + cell number per mm 2 
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Extended Data Fig. 2 | Gene modules identified in mouse tracheal lineages. Gene modules were identified by selecting variable genes within the given population that were correlated with at least 4 other genes with rank correlation >0.2. a, b, Gene-gene correlation heat map shows 4 gene modules in mouse airway basal cells (a) and 6 gene modules in mouse airway secretory cells (b). SPRING plots show where gene modules are expressed in a given population. Multiple genes are combined in a single signature defined as the mean rank of expression (dense ranking).
Extended Data Fig. 8 | Single-cell RNA-seq analysis of HBECs transduced with GFP and GFP:FOXI1. a, SPRING plot combining cells transduced with GFP (n = 9,436) or GFP:FOXI1 (n = 10,330), with each of the two conditions highlighted in black (total cells n = 19,766). b, The SLC16A7 + population was identified to be absent in the viral transduction experiment after mapping single-cell transcriptome onto the reference state map. Each cell from the viral transduction experiment voted for its nearest neighbour in the reference experiment. The bar chart on the right shows the average number of votes per cluster. c, Cell states unique to the viral transduction experiment were identified as detailed in Extended Data Fig. 5a. d , Cells representing states also found in the reference experiment (conserved cells) inherited the label of their single nearest neighbour in the reference map. Cells specific to the viral transduction experiment were divided into four clusters by spectral clustering, with their top five enriched genes shown in the top part of the heat map (right). Enrichment of gene g in population i is defined as the fold change in expression of g in i versus the second highest expresser. A pseudo value of 10 TPM was added before calculating the fold change, and only genes expressed at >50 TPM in at least one cluster were considered. The bottom of the heat map shows the top 20 enriched genes identified treating all four transduction-specific states as one population. e, Bar chart showing fold changes in population size following GFP:FOXI1 versus GFP transduction (extension of Fig. 3f ). f, Expression of transgene in identified cell populations. 
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted Data analysis Graphpad Prism 7; ImageJ bundled with 64-bit Java 1.8.0_112; BD FACSDiva Version 8.0; scRNA-Seq data analysis implementing all described methods was carried out using scripts in Python 2.7 (available on request); Read quality was assessed by running FASTQC (version 0.10.1); scRNA-Seq read mapping by inDrop.py (github.com/indrops/indrops); scRNA-Seq visualization by SPRING (github.com/ AllonKleinLab/SPRING) For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Sample size
No statistical methods were used to predetermine sample size. Sample size for animals used for single cell RNA-sequencing was N=4 for uninjured animals and N=6 for injured animals. Immunostaining to validate scRNA-seq was performed in at least 3 animals and each timepoint following injury which is sufficient given the excellent technical reproducibility seen by scRNAseq for naive mice and mice 1 week after injury. For human cells, experiments were performed at least two times in cells from at least two different human donors which represented 4 independent experiments. This is sufficient given that there is greater variability in human samples, they are harder to obtain and are limited.
Data exclusions In scRNA-Seq analysis, we filtered out cells with few counts and a high mitochondrial gene fraction (see methods). A small fraction of the mouse cells post-filter (<4%) formed well separated clusters characterized by a strong immune gene signature. These cells were excluded from further analysis.
Replication
All experimental findings reported here were consistent across multiple biological and technical replicates with N reported in each figure legend.
Randomization Animals were chosen at random from littermates for delivery of polidocanol-induced injury or PBS-vehicle control. Male and female animals were used and results are representative of both sexes. For human cells, randomization was not possible; however, proper controls were used and listed for each experimental manipulation.
Blinding
Blinding to experimental conditions was not possible. Researchers were aware of which animals were polidocanol or vehicle treated as injury to the trachea was apparent from both sequencing and histology. Treatment with Notch inhibitors generated known phenotypes in human airways cultures again making blind analysis challenging.
Reporting for specific materials, systems and methods 
Validation
All antibodies used are commerically available and validated by the vendor for the assay (immunofluorescence) and species (mouse or human) used in this study.
Eukaryotic cell lines
Policy information about cell lines
Cell line source(s)
This study used primary human bronchial epithelial cells purchased from Lonza and HEK 293T cells purchased from ATCC for lentiviral packaging.
Authentication
None of the cell lines used were authenticated.
Mycoplasma contamination
Cultures were randomly tested for mycoplasma and all results were negative.
Commonly misidentified lines (See ICLAC register)
No commonly misidentified cell lines were used.
Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research Laboratory animals C57/BL6 male and female mice from the Jackson Laboratory aged 6-8 wk were used for all studies. Animals were handled in accordance with Novartis Institutes for Biomedical Research Animal Care and Use Committee protocols and regulations. Mice were housed in a temperature-and humidity-controlled animal facility with ad libitum access to food and water and acclimated for at least 3 d before experimental manipulation. For polidocanol-induced injury, mice were anesthetized and delivered one dose of 13.5 μL 2% polidacanol by oralpharyngeal aspiration to induce injury. PBS was delivered by the same route to randomized littermates.
Wild animals
This study did not involve wild animals.
Field-collected samples
This study did not involve samples collected from the field.
